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Summary

Recent data indicate that the cell surface glycoprotein CD5 functions as a negative regulator of
T cell receptor (TCR)-mediated signaling. In this study, we examined the regulation of CD5
surface expression during normal thymocyte ontogeny and in mice with developmental and/or
signal transduction defects. The results demonstrate that low level expression of CD5 on
CD4-CD8~ (double negative, DN) thymocytes is independent of TCR gene rearrangement;
however, induction of CD5 surface expression on DN thymocytes requires engagement of the
pre-TCR and is dependent upon the activity of p56'. At the CD4+CD8* (double positive,
DP) stage, intermediate CD5 levels are maintained by low affinity TCR-major histocompati-
bility complex (MHC) interactions, and CD5 surface expression is proportional to both the
surface level and signaling capacity of the TCR. High-level expression of CD5 on DP and
CD4+ or CD8* (single positive, SP) thymocytes is induced by engagement of the a/B-TCR
by (positively or negatively) selecting ligands. Significantly, CD5 surface expression on mature
SP thymocytes and T cells was found to directly parallel the avidity or signaling intensity of the
positively selecting TCR-MHC-ligand interaction. Taken together, these observations suggest
that the developmental regulation of CD5 in response to TCR signaling and TCR avidity rep-
resents a mechanism for fine tuning of the TCR signaling response.

Key words: CD5 « thymocyte ¢ development ¢ signal transduction

D5 is a monomeric cell surface glycoprotein expressed

on thymocytes, all mature T cells, and a subset of B
cells, B-1 cells (1-4). Putative CD5 ligands include CD72,
a pan-B cell antigen, and CD5L, a recently described pro-
tein expressed on activated splenocytes, B cells, and acti-
vated murine T cell clones (5, 6), suggesting that CD5 may
be involved in regulating immune cell interactions. The
cytoplasmic domain of CD5 contains three potential ty-
rosine phosphorylation sites, including a putative ITAM
(immunoreceptor tyrosine-based activation motif)t or
ITIM (immunoreceptor tyrosine-based inhibition motif) se-
quence (4, 7) and multiple potential Ser/Thr phosphor-
ylation sites (4). After TCR engagement, CD5 is tyrosine
phosphorylated and becomes associated with a multimolecu-
lar complex that may include TCR-{, CD2, CD4, CDS8,
p56'ck, p59"", PTPC1, and Zap70 (8-12). The physiologi-

LAbbreviations used in this paper: DN, CD4-CD8~ double negative; DP,
CD4*+CD8™* double positive; SP, CD4* or CD8 single positive; FCM,
multicolor flow cytometry; ITAM, immunoreceptor tyrosine-based acti-
vation motif.
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cal role of CD5 is still not clearly understood. Previous
studies have shown that treatment of T cells with anti-CD5
enhances TCR-mediated activation, proliferation, and 1L-2
production (13-15). On the other hand, more recent data
indicate that CD5 acts to negatively regulate signaling
through both the B and T cell antigen receptors (16, 17).
In the absence of CD5, peritoneal B-1 cells, which nor-
mally are triggered to undergo apoptosis in response to
mlIgM cross-linking, develop resistance to apoptosis and
enter the cell cycle (17). Likewise, thymocytes from CD5~/~
mice are hyperresponsive to stimulation through the TCR,
and the efficiency of thymocyte selection in CD5/~, o/B-
TCR transgenic mice is altered in a manner consistent with
enhanced TCR signaling (16).

CD?5 surface expression is tightly regulated throughout T
cell development. Low levels of CD5 are expressed on im-
mature CD4-CD8~ (double negative, DN) thymocytes.
CD5 surface expression then increases at both the
CD4+CD8* (double positive, DP) and CD4* or CD8"
(single positive, SP) stages and relatively high levels of CD5
are maintained on circulating SP T cells (3, 18). In this
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study, we sought to identify the cellular mechanisms regu-
lating CD5 expression during development. Our results
demonstrate that CD5 is upregulated at crucial points dur-
ing thymocyte development by pre-TCR and TCR en-
gagement and that the level of CD5 surface expression is
directly related to pre-TCR and TCR signaling intensity.
Significantly, CD5 surface levels were found to vary con-
siderably among mature SP thymocytes and T cells that
express distinct TCRs, and the level of CD5 expression
paralleled the avidity of the positively selecting TCR-MHC-
ligand interaction. Together, these results suggest that the
ability to regulate CD5 surface expression in response to
TCR signaling is important for fine tuning the TCR sig-
naling response and for selection of the mature TCR rep-
ertoire.

Materials and Methods
Mice

C57 BL/6 (B6) mice were bred within our facility. Mutant
strains of mice used for this study included Rag2~'~ (19); MHC
class 1=/~ (B2M~/~; reference 20); MHC class Il /= (AB~/~; ref-
erence 21); MHC class | X 117/~ (B2M~/= X AB~/~; reference
22); TCR-a/~ (23); and Ick~/~ (24). o/B-TCR transgenic lines
included P14 (25), H-Y (26), AND (27), and DO11.10 (DO10;
28). TCR-{ chain transgenic and TCR-{~/~ mice were gener-
ated as previously described (29, 30). For positive selection exper-
iments, mice were bred to C57 BL/6, B10.D2 or B10.A(5R)
mating partners to change the selecting haplotype.

Antibodies

mADbs used for flow cytometric analysis were purchased from
PharMingen (San Diego, CA) and included fluorochrome-
(FITC or PE) or biotin-conjugated anti-Thy1.2 (53-2.1), anti-
B220 (RA3-6B2), anti-CD4 (H129.19), anti-TCR-B (H57-
597), anti-CD8a (53-6.7), anti-CD3e (145-2C11), anti-CD5
(53-7.3), anti-CD69 (H1.2F3), anti-CD25 (7D4), anti-CD44
(IM7), anti-Vall (RR8-1), and anti-Va2 (B20.1). Unconju-
gated anti-CD16/CD32 (2.4G2), and rat 1gG2a,k (R35-95)
were used to block nonspecific Fc receptor binding and as control
antibody, respectively. The anti-H-Y clonotypic receptor mAb
(T3.70) and anti-DO10 clonotypic receptor mAb (KJ126) were
purified from cell culture supernatants and labeled with FITC in
our laboratory. Streptavidin Red 670 (GIBCO BRL, Gaithers-
burg, MD) was used in conjunction with biotinylated antibodies
for flow cytometry.

Flow Cytometric Analysis

Thymi and lymph nodes were excised from mice and single
cell suspensions were prepared. For multicolor flow cytometry
(FCM), thymocytes or lymph node cells were first incubated with
antibody to the Fc receptor (mAb 2.4G2) to prevent nonspecific
binding of antibodies. Background staining was measured using
fluorochrome-conjugated rat 1gG2a,x and designated as control
peaks. For two- and three-color FCM, cells were incubated with
FITC-conjugated, PE-conjugated, and biotinylated antibodies,
followed by the addition of Red 670 streptavidin. FCM was per-
formed on a FACScan® using standard Cell Quest software (Bec-
ton Dickinson, San Jose, CA). Data were collected on 10* viable
cells as determined by forward and side light scatter. Cell numbers
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among the various thymocyte populations were normalized by
gating and collecting on DN, DP, or SP thymocytes. CD5 levels
on thymocyte subpopulations were measured by staining with
CD5, CD4, and CD8 antibodies, followed by a three-color
FACSP analysis and gating according to the CD4/CD8 profile.

Purification of DN Thymocyte Populations

Total thymocytes from B6 mice were stained with a mixture
of biotinylated anti-CD3, -CD4, -CD8, and -B220 mAb anti-
bodies, washed, and incubated with Streptavidin microbeads
(Miltenyi Biotec, Auburn, CA). DN (CD3-CD4-CD8-B220")
thymocytes were then purified by magnetic separation accord-
ing to the manufacturer’s protocol (Miltenyi Biotec). Purity of
magnetically separated DN thymocytes was >95% as assessed
by FCM.

Thymocyte Stimulation

In Vitro CD3 Cross-linking.  24-well plates were coated with
1-50 g of anti-CD3e (2C11) in PBS overnight at 4°C and sub-
sequently washed with RPMI 1640 medium (Biofluids Inc.,
Rockville, MD) supplemented with 10% heat-inactivated fetal
bovine serum (Hyclone Labs. Inc., Logan, UT), 0.1 mM MEM
nonessential amino acids, 1 mM MEM sodium pyruvate solution,
1% penicillin/streptavidin, and 5.5 X 107> M 2-ME (GIBCO
BRL). 4 X 108 thymocytes were resuspended in 2 ml of the sup-
plemented RPMI medium and plated in the presence or absence
of 2C11-coated wells for 18 h at 37°C 5% CO,. After cross-link-
ing, thymocytes were spun, washed, and resuspended in FACS
buffer (1xX HBSS, 1% BSA, and 0.1% NaN,) before staining with
antibodies. When required, thymocyte viability was measured by
propidium iodide staining, and data were collected on propidium
iodide—negative cells.

In Vivo CD3 Cross-linking. Rag-2—/~ mice were injected in-
traperitoneally with 1-10 wg 2C11 antibody/gram of body wt, or
an equal volume of PBS alone as a control. Mice were Killed 1,
3, or 9 d after injection and thymocytes were harvested and stained
as described above.

Results

CDS5 Surface Expression Is Upregulated on DN Thymocytes
by pre-TCR Engagement. Examination of thymocyte sub-
sets from B6 mice reveals a stepwise progression in CD5
surface expression that correlates with thymocyte maturity
(Fig. 1). Low levels of CD5 are expressed on immature
CD4-CD8~ (double negative, DN) thymocytes (CD5'),
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Figure 1. CD5 expression during normal T cell development. (A)
Thymus. (B) Lymph node. Thymocytes and T cells from a C57 BL/6
mouse were stained with CD5, CD4, and CD8, and CD5 was assessed by
gating on the various populations. Histograms represent CD5 expression
on the indicated subpopulations. Dotted lines represent staining with con-
trol (nonspecific) antibody.
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followed by an approximately sixfold increase in CD5 ex-
pression at the CD4*CD8" (double positive, DP) stage
(CD5M), and a further three- to fivefold increase in CD5
expression as thymocytes reach the mature CD4+ or CD8*
(single positive, SP) stage (CD5"). Relatively high levels of
CD5 are maintained on mature peripheral SP T cells (Fig.
1), with the highest expression on CD4* T cells (Fig. 1).
To investigate how CD5 expression is controlled during
development, we began by examining thymocytes from
mutant strains of mice that exhibit defects in T cell devel-
opment, signal transduction, or both.

Thymocytes from mice deficient in expression of the
Rag-2 gene product (Rag-2—/") fail to develop beyond the
DN stage and fail to express either pre-TCR or o/B-TCR
surface complexes owing to a defect in the initiation of
V-(D)-J recombination (19, 31). Yet thymocytes from
Rag-2—/~ mice express low levels of CD5 (Fig. 2). CD5
expression was also observed on TCR~ DN thymocytes
from TCR-B~/~ mice (results not shown) demonstrating
that neither the pre-TCR nor the o/B-TCR is required for
low-level expression of CD5. DN thymocytes from mice in
which TCR-a rearrangement is inhibited (TCR-a™/7)
mature to the DP stage, but are unable to progress further in
development (23). Significantly, DP thymocytes from
TCR-a~~ mice express higher levels of CD5 than do DN
thymaocytes (Fig. 2). In fact, CD5 levels on the majority of DP
thymocytes from control (TCR-a*/*) and TCR-a~/~ mice
are similar, differing mainly in the absence of a small CD5"
DP population in TCR-a~/~ mice (Fig. 2; reference 32).

Since in the absence of TCR-a chain, thymocytes can
express pre-TCR but not o/B-TCR complexes, we next
investigated whether pre-TCR signals could upregulate
CD?5 surface expression. Expression of the pre-TCR begins
at the DN CD44'9~ CD25* stage of development and is
required for transition to the DN CD44-CD25~ stage (33,
34). Examination of DN CD44-CD25~ thymocytes re-
vealed that these cells express three- to fourfold higher lev-
els of surface CD5 than do their immediate precursors, DN
CD44o— CD25* thymocytes (Fig. 3 A). Signals trans-
duced by the pre-TCR induce cell cycle progression, re-
sulting in the expansion of cells that have undergone pro-
ductive B-rearrangement, a process termed “g selection”
(34). Consequently, in normal mice, the DN CD44"~
CD25* thymocyte compartment consists of two subsets
(“E” and “L”) that can be distinguished on the basis of cell
size (34). The E subset contains small resting cells that ei-
ther have not yet undergone B selection or have failed to
productively rearrange their B chain genes, whereas the L
subset consists of larger cells that have received pre-TCR
signals and have entered the cell cycle (reference 34; Fig.
3 A). Examination of CD5 surface expression on DN
CD44o— CD25* thymocyte subsets revealed that L cells
express approximately fourfold higher levels of CD5 than
do E cells (Fig. 3 A). Collectively, these results indicate that
signaling through the pre-TCR upregulates CD5 surface
expression on DN thymocytes. To test this hypothesis fur-
ther, we next determined the effect of CD3 cross-linking
on CD5 expression. Injection of anti-CD3 antibodies into
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Figure 2. CDS5 surface expression on thymocytes from Rag-2—/~ and
TCR-a~/~ mice. Dot plots illustrate the CD4/CDS8 staining profile and
demonstrate the stage at which thymocyte development is blocked. His-
tograms depict CD5 and CD3 surface levels on gated CD4-CD8~ (DN)
thymocytes (A), or CD4*CD8* (DP) thymocytes (B). CD5 and CD3
surface expression on DN and DP thymocytes from control (WT) animals
are included for comparison. Dotted lines represent control peaks.

Rag-2~/~ mice has been shown to mimic pre-TCR signal-
ing as it promotes the formation of DP thymocytes (35,
36). This response has been attributed to the low level ex-
pression of CD3 signaling subunits on the surface of Rag-
27/~ thymocytes in the absence of B and pre-Ta chains
(37). To ascertain whether direct engagement of these sur-
face complexes could induce CD5 expression on DN thy-
mocytes before their transition to the DP stage, Rag-2~/~
mice were analyzed at multiple time points after intraperi-
toneal injection of anti-CD3 antibody. Significantly, as
early as 24 h after anti-CD3 injection, thymocyte cellular-
ity was increased fourfold and Rag-2-/- thymocytes,
which still consisted entirely of DN cells, expressed high
levels of CD5 (Fig. 3 B). Induction of the early activation
antigen, CD69, was also observed on DN thymocytes 24 h
after injection (Fig. 3 B). At 3 d after injection, CD5 levels
on DN thymocytes remained high and large numbers of
CD5n-hi DP thymocytes were present in the thymus of
Rag-2~/~ mice (data not shown).

Because signaling by the pre-TCR has been shown to be
dependent upon the activity of the protein tyrosine kinase
p56'ck (24, 38), we also examined the importance of Lck for
the induction of CD5 expression. DN, CD44'“-CD25*
thymocytes from Ick='— mice were found to express lower
levels of CD5 than DN, CD44'-CD25+ thymocytes from
Ick*/* mice (Fig. 3 C). In addition, although Ick=—'= mice
contained o/B-TCR* DP thymocytes, these cells also ex-
pressed low levels of CD5 relative to DP thymocytes from
Ick*/+ mice (Fig. 3 C).

To determine if induction of CD5 on DN thymocytes
correlates with pre-TCR signal intensity, Rag-2—/~ mice
were injected with varying amounts of stimulating (anti-
CD3e) antibody. The results demonstrated a direct rela-
tionship between anti-CD3e dosage and CD5 surface ex-
pression (Fig. 3 B). The relationship between pre-TCR
signaling capacity and CD5 expression was also examined
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Figure 3. (A) CD5 surface expression on
CD4-CD8~ (DN) thymocyte subsets. DN
thymocytes from B6 mice were isolated as
described in Materials and Methods, and
stained with CD25 and CD44 antibodies to
distinguish the various DN subpopulations
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mice were injected with 0, 1, or 10 ng 2C11/gram body wt and DN thymocytes were analyzed for CD5 surface expression 3 d later. (C) CD5 surface
expression on DN CD25* and CD4*CD8* (DP) thymocytes from Ick—/~ mice. CD5 levels on DN CD25* and DP thymocytes from control (Ick*/+)
mice are included for comparison. (D) CD5 surface expression on gated CD4+*CD8* (DP) thymocytes from TCR-a~/~ and TCR-a ™/~ X ™/~ mice.

Dotted lines represent staining with control antibody.

by analyzing CD5 expression on DP thymocytes from
TCR-a™/~ X {7/~ mice, which express pre-TCR in the
absence of associated ¢ chain. Previous work has shown
that the pre-TCR is expressed and can function, though
less efficiently, in the absence of { to promote the forma-
tion of DP thymocytes, indicating that ¢ chain contributes
quantitatively to the pre-TCR signaling response (29, 38).
Indeed, DP thymocytes from TCR-a™/~ X {~/~ mice ex-
pressed significantly lower levels of CD5 than did DP thy-
mocytes from TCR-a~/~ mice (Fig. 3 D). Taken together,
these results demonstrate that signals transduced by the pre-
TCR induce the upregulation of CD5 on DN thymocytes,
resulting in the formation of DP CD5 thymocytes.

CD5 Expression on DP Thymocytes Is Maintained by «/3-
TCR Engagement and Is Proportional to TCR Surface Levels and
TCR Signaling Capacity. CD5 surface expression has been
shown previously to correlate with expression of the o/3-
TCR during T cell development (3, 18). To investigate
this relationship further, we used mice generated previously
that express different levels of TCR due to variable expres-
sion of  chain (30). Examination of DP thymocytes from
= and {*/F; L tg mice, which express low or high levels
of a/B-TCR relative to {™/* mice, respectively, revealed a
direct relationship between TCR surface expression and
mean CD5 surface expression on DP thymocytes (Fig. 4 A).
To determine if TCR engagement was specifically re-
quired for CD5 expression on DP thymocytes, we then ex-
amined thymocytes from mice lacking MHC (class | X
I1)~/~ in which development is arrested at the TCR* DP
stage. Although most DP thymocytes from MHC class (I X
I1)~/~ mice express higher levels of o/B-TCR than do DP
thymocytes from control mice, these cells express low lev-
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Figure 4. TCR levels and TCR signaling intensity influence CD5 ex-
pression on CD4+*CD8* (DP) thymocytes. (A) Effect of TCR levels on
CD5 expression. Histograms depict CD5 and CD3 expression on gated
CD4+*CD8" (DP) thymocytes from TCR-{ heterozygotes (TCR-{*")
and TCR-{-transgenic mice (TCR-{*/*; { tg) relative to control mice
(TCR-{**). (B) Relationship between TCR signal intensity and CD5
expression. DP thymocytes were stimulated for 18 h on plates coated
with the indicated amount of cross-linking antibody (anti-CD3e; mAb
2C11) then analyzed for CD5 surface expression. (C) Effect of TCR sig-
naling capacity on CD5 expression. Histograms depict CD5 and CD3
surface expression on DP thymocytes from TCR-{~/~ mice reconstituted
with transgenes encoding either full length ¢ chain (£-3 ITAM) or ¢ chain
lacking sequences required for signal transduction (£-0 ITAM) (reference
30, see Results). Dotted lines represent staining with control antibody.
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els of CD5 (Fig. 5 A). Indeed, the level of CD5 expressed
on DP thymocytes from MHC class (I X 1)~/ mice is
similar to that expressed on DN thymocytes (Fig. 5 B). In
contrast, DP thymocytes from mice lacking expression of
either MHC class | (Fig. 5, A and B) or MHC class 11 alone
(data not shown) express normal (intermediate) levels of
CD5. Thus, interaction of TCR* DP thymocytes with
self-MHC appears to be required to sustain CD5 surface
expression at levels above those observed on DN thymo-
cytes. Consistent with this idea, anti-TCR cross-linking
resulted in induction of both CD5 and CD69 on DP
thymocytes from class (I X 11)~/~ mice to levels comparable
to those observed on DP thymocytes from control mice
(Fig. 5 C).

The relationship between TCR signal intensity and
CD5 expression on DP thymocytes was examined by in
vitro cross-linking with varying amounts of anti-CD3e.
The results of this experiment revealed a direct relationship
between the concentration of cross-linking antibody and
CD?5 surface levels (Fig. 4 B). The correlation between
TCR signaling and CD5 induction could also be assessed
using transgenic mice that express similar levels of TCR
but whose TCRs differ in their signaling potential due to
differences in the total number of ITAMs contained within
the { chain (30). £/~ mice that have been reconstituted
with a transgene encoding the full-length ¢ chain (¢-3
ITAM) express surface TCRs that contain a full comple-
ment of ITAMs (10 ITAMs per TCR complex), whereas
reconstitution of =/~ mice with a truncated ¢ chain trans-
gene lacking all three ITAMS (¢-0 ITAM) results in surface
expression of TCRs that contain only four ITAMs per
TCR complex (provided by the CD3 chains) (30). Al-
though the TCR levels on DP thymocytes from these
transgenic mice are nearly identical, mean CD5 levels are
significantly lower on the majority of DP thymocytes from
(-0 ITAM mice relative to the {-3 ITAM mice (Fig. 4 B).
Thus, the level of TCR surface expression and the intensity
of the TCR signal quantitatively influence CDS5 surface ex-
pression on DP thymocytes.

CDS5 Levels on SP Thymocytes and T Cells Are Dictated by
the Avidity of the Positively Selecting TCR Interaction.  The
observation that CD5 is upregulated to high levels on DP
thymocytes in vivo after engagement of the TCR by
ligands that promote either positive or negative selection,
or in vitro by cross-linking of the TCR (references 32, 39—
42; Fig. 4) suggested the possibility that CD5 surface ex-
pression might be quantitatively influenced by the affinity
of the TCR for selecting ligand, together with the concen-
tration of selecting ligand (TCR avidity). To address this
question, we analyzed CD5 surface expression on thy-
mocytes from two different MHC class I-restricted (H-Y,
reference 26, and P14, reference 25) and two different
MHC class ll-restricted (DO10, reference 28, and AND,
reference 27) TCR transgenic lines, each expressing dis-
tinct clonotypic TCRs. Under conditions known to pro-
mote positive selection, CD5 levels on DP thymocytes
from all of the transgenic mice were higher than those ex-
pressed on the majority of DP thymocytes from nontrans-
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Figure 5. CD?5 surface expression on thymocytes from mice lacking
MHC. (A) Histograms show CD5 and CD3 surface levels on gated
CD4+CD8* (DP) thymocyte populations from mice lacking expression of
MHC class | (MHC 17/7) or MHC class | and class Il [MHC (I X 1I=7)].
CD3 and CDS5 levels on DP thymocytes from control B6 (WT) mice are
included for comparison. (B) CD5 levels on CD4-CD8~ (DN) and DP
thymocytes from MHC I~/~ and MHC (I X 11)~/~ mice. (C) Induction
of CD5 by CD3 cross-linking. Thymocytes from C56 BL/6 (WT) and
MHC (1 X 11)~/~ mice were incubated in the presence (+2C11) or ab-
sence (—2C11) of plate-bound anti-CD3e antibody (50 w.g) for 18 h at
37°C and CD5 and CD69 expression on DP thymocytes was assessed by
FACSU. Dotted lines represent staining with control antibodies.

genic mice (Fig. 6, A and B). As the shift in CD5 surface
expression from CD5" to CD5" on the bulk of DP thy-
mocytes in transgenic mice is observed in either positively
or negatively selecting but not in nonselecting backgrounds
(data not shown), this result presumably reflects the fact
that most DP thymocytes in TCR transgenic mice, but
only a small percentage of DP thymocytes from non-TCR
transgenic mice express TCRs that are engaged by selecting
ligand (Fig. 6, A and B). However, gating on transgenic
TCRN SP thymocytes revealed clear differences in the
level of CD5 expression among the various transgenic lines,
with P14 > H-Y on CD8 SP thymocytes for the MHC
class I-restricted TCRs, and AND > DO10 on the CD4
SP thymocytes for the MHC class I1-restricted TCRs (Fig.
6, A and B). Significantly, the relative differences in CD5
surface expression were maintained on peripheral SP T
cells generated by positive selection (CD8* T cells in the
case of P14 and H-Y TCR transgenic mice, and CD4+ T
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CD5 expression on thymocytes and mature T cells from TCR transgenic mice. (A) Comparison of CD5 levels on thymocytes and lymph

node T cells from MHC class I-restricted (P14 H-2° and H-Y H-2P) TCR transgenic mice. (B) Comparison of CD5 levels on thymocytes and lymph
node T cells from MHC class I1-restricted (AND H-2"k and DO10 H-29) TCR transgenic mice. Single-color histograms represent CD5 staining on
CD4*+CD8™* thymocytes, as well as on CD8* SP thymocytes and T cells (HY and P14 TCR transgenic mice), or CD4* SP thymocytes and T cells
(AND and DO10 TCR transgenic mice). Shown are CD5 levels on transgenic TCR"M gated cells. Data obtained for similar cell populations from non-
transgenic (WT) mice are shown for comparison. Numbers in boxes depict mean CD5 fluorescence for the transgenic TCRM cells.

cells in the case of AND and DO10 TCR transgenic mice;
Fig. 6, A and B). Since TCR levels on SP T cells from the
class 1- or class Il-restricted TCR transgenic mice were
similar as assessed by staining with anti-CD3e or anti—
TCR-B antibodies (data not shown), these results sug-
gested that the differences in CD5 levels might reflect dif-
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ferences in the avidity of the positive selecting interaction
(i.e., P14 > H-Y and AND > DO10). Although the na-
tural positively selecting ligands for these TCRs are un-
known, their relative avidity can be inferred by the effi-
ciency of positive selection (43). Experimental data support
the idea that within the “window” of TCR-ligand-MHC
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interactions that promote positive selection, higher avidity
interactions increase the efficiency of positive selection, re-
sulting in the generation of increased numbers of TCRN SP
thymocytes (43). In the case of the H-Y and P14 transgenic
TCRs, several observations indicate that the efficiency of
positive selection is greater in P14 than in H-Y (female)
TCR transgenic mice (25, 26). For example, both the total
number of transgenic TCRM thymocytes and the number
of transgenic TCR"CD8* thymocytes and T cells in P14
TCR transgenic mice exceeds that observed in H-Y trans-
genic female mice (Fig. 6 A). These observations suggest,
although by no means prove, that positive selection is me-
diated by higher avidity TCR-ligand-MHC interactions in
P14 transgenic mice than in H-Y (female) transgenic mice.
Applying similar criteria, positive selection also appears to
be mediated by a higher avidity TCR-ligand-MHC inter-
action in AND transgenic mice than in DO10 transgenic
mice (Fig. 6 B).

To further investigate the possible relationship between
CD?5 expression and TCR avidity, we analyzed positive se-
lection in the same transgenic line (DO10) under condi-
tions that have been shown to alter the avidity of the posi-
tively selecting TCR-MHC-ligand interaction (44, 45).
Thymocytes with DO10 TCR are positively selected in
both the H-29 and H-2b backgrounds; however, the small
thymus size and reduction in DP thymocytes observed in
DO10, H-2° mice is consistent with the induction of par-
tial clonal deletion as a result of increased TCR-MHC-
ligand avidity interactions (44, 45). Significantly, the CD4+*
transgenic TCRM (KJ-126") thymocytes and T cells gener-
ated in DO10 H-2txd mice were found to express higher
surface levels of CD5 than do CD4+ KJ-126" thymocytes
and T cells from DO10 H-2%d mice (Fig. 7 A). Notably,
the KJ-126MCD4* T cells from DO10 H-2txd and DO10
H-29xd express similar levels of a/B-TCR and CD4 (Fig.
7 A). Thus, the difference in CD5 levels could not be at-
tributed to differences in TCR or CD4 coreceptor surface
expression. In addition, since the identical transgenic TCR
was used in these experiments, the differences observed
could not reflect variation in the timing or onset of trans-
gene expression during thymocyte development. Rather,
these results suggest that the level of CD5 expression on
mature T cells is determined during development in the
thymus by the avidity of the TCR for selecting ligand.

A prediction of this hypothesis is that the avidity of the
positively selecting TCR-MHC-ligand interaction may
regulate the level of CD5 surface expression by influencing
the intensity of the TCR signaling response. To examine
this relationship, we analyzed the effect on CD5 expression
produced by lowering the TCR signaling potential from
10 to 4 ITAMs per TCR complex. For these experiments,
we chose the P14 TCR transgene because prior experi-
ments had revealed that significant numbers of P14 TCR"
(Va2M) CD8 SP T cells are generated in both {-3 ITAM
and {-0 ITAM P14-TCR transgenic mice (Fig. 7 B). We
found that lowering the TCR signaling capacity by re-
moval of ¢ chain ITAMs (-0 ITAM tg versus -3 ITAM
tg) resulted in the generation of Va2h CD8-SP cells that
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express lower levels of CD5 (Fig. 7 B). Taken together,
these results indicate that CD5 surface expression is devel-
opmentally regulated in response to the avidity of the TCR
for positively selecting ligands.

Discussion

Interest in the role of CD5 in lymphocyte development
has grown considerably in light of recent data suggesting
that CD5 functions to negatively regulate signaling through
the B and T cell antigen receptors (16, 17). In this study,
we examined CD5 expression during normal thymocyte
development and in mice with defects in thymocyte matu-
ration. Our results demonstrate a critical role for pre-TCR
and TCR signals, and notably TCR avidity, in regulating
CDS5 surface expression.

Early DN thymocytes express very low levels of CD5
independent of their ability to undergo TCR gene rear-
rangement, and therefore independent of their ability to
express pre-TCR and/or TCR complexes. That the pre-
TCR is not required for initial CD5 expression on early
DN thymocytes is not surprising, as previous studies have
documented very low levels of CD5 on pro-T cells in the
thymus (46). Of significance, however, is that signals trans-
duced by the pre-TCR upregulate CD5, and that the level
of CD5 surface expression reflects the extent or intensity of
pre-TCR signaling (Fig. 3 B; reference 47). Consistent
with this observation, both p56'* and ¢ chain, which ap-
pear to act primarily by quantitatively influencing the pre-
TCR signaling response (24, 29, 38, 47, 48), are required
for full CD5 induction by the pre-TCR (29, 49; Fig. 3 C).
Although these results suggest a possible role for CD5 at
the DN-DP transition, perhaps through modulation of
pre-TCR signaling threshold, the fact that thymocyte mat-
uration appears unaffected in CD5~/~ mice argues that this
function is not critical for T cell development (50).

Interestingly, most DP thymocytes from TCR-a ™/~
mice (which can express pre-TCR complexes but are o/f3-
TCR™) express nearly normal (intermediate) levels of
CD?5, whereas CD5 levels on DP thymocytes from MHC
(class I X I1)~= mice (which are a/B-TCRM") express
low levels of CD5. We interpret these observations as indi-
cating that continued signaling, either through the pre-
TCR or o/B-TCR, is required to maintain CD5 expres-
sion at intermediate levels on DP thymocytes. Thus in
TCR-a~/~ mice, continued expression of the pre-TCR
provides this signaling function, whereas in MHC (class | X
I1)~~ mice, replacement of the pre-TCR by TCR com-
plexes that are incapable of generating signals by interacting
with MHC leads to the downregulation of CD5. Results
consistent with our own have also been reported by Dutz
et al., who noted a specific requirement for MHC class |
for the generation of CD5™ DP thymocytes in class
I-restricted H-Y TCR transgenic mice (51). The observa-
tion that most DP thymocytes from transgenic mice express
intermediate levels of CD5 in a nonselecting background
(51) further indicates that extremely low avidity or “non-
cognate” TCR-MHC interactions are sufficient to main-
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tain intermediate levels of CD5 expression on DP thy-
mocytes.

CDS5 is upregulated to high levels on a small subset of
DP thymocytes, before TCR upregulation or CD4 /CD8
lineage commitment as assessed by coreceptor downregula-
tion (32, 39-41, 51). Data from our own and previous
work indicate that this response is mediated by higher avid-
ity TCR-MHC-ligand interactions than those that are re-
quired to maintain intermediate levels of CD5 expression
on DP thymocytes (32, 39-41, 51). In agreement with this
model, CD5" DP thymocytes are absent both in TCR-a =/~
mice that lack o/B-TCR and in MHC (class | X 11)~/~
mice that express a/B-TCR but are incapable of engaging
ligand. Conversely, in TCR transgenic mice in which a
defined TCR is expressed on a high percentage of DP thy-
mocytes, a large cohort of CD5" DP thymocytes is gener-
ated under conditions that promote either positive or nega-
tive selection but not in a nonselecting background (51).
Thus, only those DP thymocytes that express TCRs that
can interact with MHC-ligand with sufficiently high affin-
ity to promote either positive or negative selection upregu-
late CD5 surface expression to high levels.

Although CD5 upregulation on DP thymocytes upon
TCR engagement has been previously shown, the current
study reveals that CD5 surface expression on SP thy-
mocytes and T cells differs depending upon the clonotypic
TCR that they express. Transgenic TCRM SP T cells were
found to express similar (P14), lower (H-Y, AND,
D011.10/H-29), or higher (D011.10/H-2"9) levels of CD5
compared with mean CD5 expression on corresponding SP
T cell populations from nontransgenic mice (Figs. 6 and 7).
Our data also suggest that the level of CD5 expressed on
SP thymocytes and T cells generated during positive selec-
tion corresponds to the avidity (signal intensity) of the pos-
itively selecting TCR-MHC-ligand interaction. When the
avidity of the positively selecting TCR-MHC-ligand in-
teraction was varied for the same TCR by changing the
MHC haplotype or the signal intensity was varied by re-
moval of TCR ITAMs, the results also supported this hy-
pothesis. Because the antigen specificity of the transgenic
TCRs used in this study should result in the generation of
“naive” SP thymocytes and T cells that should not encoun-
ter their native antigen in vivo, our results also argue that
CDS?5 levels are “fixed” during positive selection on the ba-
sis of TCR specificity and these relative levels are subse-
quently maintained on circulating mature SP T cells inde-
pendent of engagement of the TCR by antigen. The
mechanism by which CD5 expression levels are established
during thymocyte development could involve modulation
of CD5 in response to TCR signal intensity followed by

maintenance of this relative level of expression on mature
T cells. Alternatively, it is possible that only those thy-
mocytes that constitutively express the appropriate level of
CD5 with respect to their clonotypic TCR are selected to
mature to the SP stage. Since these mechanisms are not
mutually exclusive, both may also be operative.

Since CD5 acts to attenuate signaling by the TCR (16),
the capacity of cells to regulate CD5 surface levels could
serve several important functions during development. For
example, induction of CD5 on thymocytes and mature T
cells after TCR engagement may serve to dampen the
TCR signaling response, especially after restimulation. At
the DP stage, upregulation of CD5 represents an early re-
sponse to engagement of the TCR by selecting ligand as it
precedes upregulation of the TCR (32, 40, 51). The rapid
increase in CD5 levels after initial TCR engagement may
act to inhibit subsequent TCR-mediated signaling re-
sponses. Increased CD5 expression in response to TCR en-
gagement could also provide an off signal that participates
in terminating the activation response. Another role sug-
gested by our data is that CD5 levels may influence the
triggering threshold for T cell activation. This function
might be particularly important during thymocyte selection
when the TCR signaling response dictates the fate of DP
thymocytes (i.e., either positive or negative selection). In-
deed, analysis of CD5-deficient mice has shown that CD5
does participate in thymocyte selection through its ability
to negatively regulate the TCR signaling response (16). In-
terestingly, the effect of CD5 deletion on thymocyte selec-
tion varied among different TCR transgenic mice, result-
ing in enhanced positive selection in H-Y TCR transgenic
mice and a shift from positive selection to partial negative
selection in P14 TCR transgenic mice (16).

The ability of thymocytes to regulate CD5 surface ex-
pression also suggests that the relative impact of CD5 on
TCR signal transduction can be varied in relation to the
avidity of the TCR for selecting ligand, providing a mecha-
nism for fine tuning of the TCR signaling response. Surface
levels of both CD4 and CD8, which unlike CD5 provide
costimulatory signals, also have been shown to vary among
individual SP T cells that express distinct TCRs (52). An
advantage of using multiple surface structures such as CD4,
CD8, and CDS5 to influence the overall signaling response
delivered to thymocytes and T cells could be to enable a
much broader range of TCRs to transduce signals appropri-
ate for positive selection than would otherwise be possible if
the affinity of the TCR for selecting ligand alone dictated
the outcome. Thus, the potential for TCR signal modula-
tion by CD5 may be particularly useful for generating the
maximum possible diversity in the mature T cell repertoire.

We thank Drs. Fred Alt, Rudolph Jaenisch, Laurie Glimcher, Susumo Tonegawa, Dennis Loh, Tak Mak,
Roger Perlmutter, Harald von Boehmer, Rolf Zinkernagel, and Steve Hedrick for making mice available for
these experiments. We are also grateful to B.J. Fowlkes and C.L. Sommers for reading the manuscript and

for helpful discussions.

2309 Azzam et al.



Address correspondence to Paul E. Love, Laboratory of Mammalian Genes and Development, National In-
stitute of Child Health and Human Development, National Institutes of Health, Bethesda, MD 20892.
Phone: 301-402-4946; Fax: 301-480-3223; E-mail: pel@helix.nih.gov

Received for publication 30 June 1998 and in revised form 2 October 1998.

References

1.

10.

11.

12.

13.

14.

Ledbetter, J.A., R.V. Rouse, H.S. Micklem, and L.A.
Herzenberg. 1980. T cell subsets defined by expression of
Lyt-1,2,3 and Thy-1 antigens: two parameter immunofluo-
rescence and cytotoxicity analysis with monoclonal antibod-
ies modifies current views. J. Exp. Med. 152:280-294.

. Hayakawa, K., R.R. Hardy, D.R. Parks, and L.A. Herzen-

berg. 1983. The “Ly-1 B” cell subpopulation in normal, im-
munodefective, and autoimmune mice. J. Exp. Med. 157:
202-218.

. Fowlkes, B.J., L. Edison, B.J. Mathieson, and T.M. Chused.

1985. Early T lymphocytes: differentiation in vivo of adult
intrathymic precursor cells. J. Exp. Med. 162:802-822.

. Huang, H.J., N.H. Jones, J.L. Strominger, and L.A. Hertzen-

berg. 1987. Molecular cloning of Ly-1, a membrane glyco-
protein of mouse T lymphocytes and a subset of B cells: mo-
lecular homology to its human counterpart Leu-1/T1 (CD5).
Proc. Natl. Acad. Sci. USA. 84:204-208.

. Van De Helde, H., I. Von Hoegen, W. Luo, J.R. Parnes, and

K. Thielemans. 1991. The B-cell surface protein CD72/Lyb2
is the ligand for CD5. Nature. 351:662—665.

. Biancone, L., M.A. Bowen, A. Lim, A. Aruffo, G. Andes,

and I. Stamenkovic. 1996. Identification of a novel inducible
cell-surface ligand of CD5 on activated lymphocytes. J. Exp.
Med. 184:811-819.

. Thomas, M.L. 1995. Of ITAMs and ITIMs: turning on and

off the B cell antigen receptor. J. Exp. Med. 181:1953-1956.

. Davies, AA., S.C. Ley, and M.J. Crumpton. 1992. CD5 is

phosphorylated on tyrosine after stimulation of the T-cell an-
tigen receptor complex. Proc. Natl. Acad. Sci. USA. 89:6368—
6372.

. Beyers, A.D., L.L. Spruyt, and A.F. Williams. 1992. Molecu-

lar associations between the T-lymphocyte antigen receptor
complex and the surface antigens CD2, CD4, or CD8 and
CDS5. Proc. Natl. Acad. Sci. USA. 89:2945-2949.

Burgess, K.E., M. Yamamoto, K.V.S. Prasad, and C.E.
Rudd. 1992. CD5 acts as a tyrosine kinase substrate within a
receptor complex comprising T-cell receptor { chain/CD3
and protein-tyrosine kinases p56'® and p59%". Proc. Natl.
Acad. Sci. USA. 89:9311-9315.

Pani, G., K.-D. Fischer, I. Mlinaric-Rascan, and K.A. Simi-
novitch. 1996. Signaling capacity of the T cell antigen recep-
tor is negatively regulated by the PTP1C tyrosine phos-
phatase. J. Exp. Med. 184:839-852.

Gary-Gouy, H., V. Lang, S. Sarun, L. Boumsell, and G. Bis-
muth. 1997. In vivo association of CD5 with tyrosine-phos-
phorylated Zap-70 and p21 phospho-{ molecules in human
CD3* thymocytes. J. Immunol. 159:3739-3747.

Ceuppens, J.L., and M.L. Baroja. 1986. Monoclonal antibod-
ies to the CD5 antigen can provide the necessary second sig-
nal for activation of isolated resting T cells by solid-phase-
bound OKT3. J. Immunol. 137:1816-1821.

Spertini, F., W. Stohl, N. Ramesh, C. Moody, and R.S.
Geha. 1991. Induction of human T cell proliferation by a
monoclonal antibody to CD5. J. Immunol. 146:47-52.

2310

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Stanton, T., T.L. Stevens, J.A. Ledbetter, and D. Wofsy.
1986. Anti-Ly-1 antibody induces interleukin 2 release from
T cells. J. Immunol. 136:1734-1737.

Tarakhovsky, A., S.B. Kanner, J. Hombach, J.A. Ledbetter,
W. Muller, N. Killeen, and K. Rajewsky. 1995. A role for
CD5 in TCR-mediated signal transduction and thymocyte
selection. Science. 269:535-537.

Bikah, G., J. Carey, J.R. Ciallella, A. Tarakhovsky and S.
Bondada. 1996. CD5-mediated negative regulation of anti-
gen receptor-induced growth signals in B-1 B cells. Science.
274:1906-1909.

Guidos, C., and I.L. Weissman. 1993. Sequential occurrence
of positive and negative selection during T lymphocyte mat-
uration. In Molecular Mechanisms of Immunological Recog-
nition. H.J. Vogel, editor. Academic Press, London. 137-
147.

Shinkai, Y., G. Rathbun, K.-P. Lam, E.M. Oltz, V. Stewart,
M. Mendelsohn, J. Charron, M. Datta, F. Young, A.M. Stall,
and F.W. Alt. 1992. Rag-2 deficient mice lack mature lym-
phocytes owing to inability to initiate \/(D)J rearrangement.
Cell. 68:855-867.

Zijlstra, M., E. Li, F. Saajadi, S. Subramani, and R. Jaenisch.
1989. Germ-line transmission of B,-microglobulin gene pro-
duced by homologous recombination in embryonic stem
cells. Nature. 342:435-438.

Grusby, M.J., R.S. Johnson, V.E. Papaioannou, and L.H.
Glimcher. 1991. Depletion of CD4* T cells in major histo-
compatibility complex class 11-deficient mice. Science. 253:
1417- 1420.

Grusby, M.J., H. Auchincloss, Jr., R. Lee, R.S. Johnson, J.P.
Spencer, M. Zijlstra, R. Jaenisch, V.E. Papaioannou, and
L.H. Glimcher. 1993. Mice lacking major histocompatibility
complex class | and class 11 molecules. Proc. Natl. Acad. Sci.
USA. 90:3913-3917.

Mombaerts, P., A.R. Clarke, M.A. Rudnicki, J. lacomini, S.
Itohara, J.J. Lafaille, L.Wang, Y. Ichikawa, R. Jaenisch, M.L.
Hooper, and S. Tonegawa. 1992. Mutations in T-cell antigen
receptor genes « and B block thymocyte development at dif-
ferent stages. Nature. 360:225-231. (See published erratum
360:225-231.)

Molina, T.J., K. Kishihara, D.P. Siderovski, W. Van Ewijk,
A. Narendran, E. Timms, A. Wakeham, C.J. Paige, K.-U.
Hartmann, A. Veilette, et al. 1992. Profound block in thy-
mocyte development in mice lacking p56'°. Nature. 357:
161-164.

Pircher, H., K. Burki, R. Lang, H. Hengartner, and R.M.
Zinkernagel. 1989. Tolerance induction in double specific
T-cell receptor transgenic mice varies with antigen. Nature.
342:559-561.

VVon Boehmer, H. 1990. Developmental biology of T cells in
T cell receptor transgenic mice. Annu. Rev. Immunol. 8:531—
556.

Kaye, J., M.-L. Hsu, M.-E. Sauron, S.C. Jameson, N.R.J.
Gascoigne, and S.M. Hedrick. 1989. Selective development

Regulation of CD5 Expression during T Cell Development



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

of CD4* T cells in transgenic mice expressing a class Il
MHC-restricted antigen receptor. Nature. 341:746-749.
Murphy, K.M., A.M. Heimerger, and D.Y. Loh. 1990. In-
duction by antigen of intrathymic apoptosis of CD4+*CD8"
TCR° thymocytes in vivo. Science. 250;1720-1723.

Love, P.E., E.W. Shores, M.D. Johnson, M.L. Tremblay, E.J.
Lee, A. Grinberg, S.P. Huang, A. Singer, and H. Westphal.
1993. T cell development in mice that lack the £ chain of the
T cell antigen receptor complex. Science. 261:918-921.
Shores, E.W., K. Huang, T. Tran, E. Lee, A. Grinberg, P.E.
Love. 1994. Role of TCR{ chain in T cell development and
selection. Science. 226:1047-1050.

Borst, J., H. Jacobs, and G. Brouns. 1996. Composition and
function of T-cell receptor and B-cell receptor complexes on
precursor lymphocytes. Curr. Opin. Immunol. 8:181-190.
Punt, J.A., H. Suzuki, L.G. Granger, S.O. Sharrow, and A.
Singer. 1996. Lineage commitment in the thymus: only the
most differentiated (TCRMbcl-2M) subset of CD4*CD8*
thymocytes has selectively terminated CD4 or CD8 synthesis.
J. Exp. Med. 184:2091-2099.

Godfrey, D.1., and A. Zlotnik. 1993. Control points in early
T-cell development. Immunol. Today. 14:547-553.

Hoffman, E.S., L. Passoni, T. Crompton, T.M. Leu, D.G.
Shatz, A. Koff, M.J. Owen, and A.C. Hayday. 1996. Produc-
tive T-cell receptor beta-chain rearrangement: coincident
regulation of cell cycle and clonality during development in
vivo. Genes Dev. 10:948-962.

Levelt, C.N., P. Mombaerts, A. Iglesias, S. Tonegawa, and K.
Eichmann. 1993. Restoration of early thymocyte differentia-
tion in T-cell receptor B-chain deficient mutant mice by
transmembrane signaling through CD3e. Proc. Natl. Acad. Sci.
USA. 90:11401-11405.

Shinkai, Y., S. Koyasu, K.-1. Nakayama, K.M. Murphy, D.Y.
Loh, E.L. Reinherz, and F.W. Alt. 1993. Restoration of T
cell development in RAG-2-deficient mice by functional
TCR transgenes. Science. 259:822-825.

Wiest, D.L., W.H. Burgess, D. McKean, K.P. Kearse, and A.
Singer. 1995. The molecular chaperone calnexin is expressed
on the surface of immature thymocytes in association with
clonotype-independent CD3 complexes. EMBO (Eur. Mol.
Biol. Organ.) J. 14:3425-3433.

Levelt, C.N., P. Mombaerts, B. Wang, H. Kohler, S. Tone-
gawa, K. Eichmann, and C. Terhorst. 1995. Regulation of
thymocyte development through CD3: functional dissocia-
tion between p56'* and CD3( in early thymic selection. Im-
munity. 3:215-222.

Kearse, K., Y. Takahama, J.A. Punt, S.O. Sharrow, and A.
Singer. 1995. Early molecular events induced by T cell re-
ceptor (TCR) signaling in immature CD4+*CD3" thy-

2311 Azzam et al.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

mocytes: increased synthesis of TCR-a protein is an early re-
sponse to TCR signaling that compensates for TCR-«
instability, improves TCR assembly, and parallels other indi-
cators of positive selection. J. Exp. Med. 181:193-202.
Sheard, M., K. Sugaya, M. Furuta, S. Tsuda, and Y. Taka-
hama. 1996. Heterogeneous expression of recombination ac-
tivating genes and surface CD5 in CD3'®¥ CD4+CD8* thy-
mocytes. J. Immunol. 43:619-625.

Groves, T., M. Parsons, N.G. Miyamoto, and C. Guidos.
1997. TCR engagement of CD4*CD8* thymaocytes in vitro
induces early aspects of positive selection, but not apoptosis.
J. Immunol. 158:65-75.

Punt, J.A., B.A. Osborne, Y. Takahama, S.O. Sharrow, and
A. Singer. 1994. Negative selection of CD4+*CD8" thy-
mocytes by T cell receptor—induced apoptosis requires a co-
stimulatory signal that can be provided by CD28. J. Exp.
Med. 179:709-713.

Jameson, S.C., K.A. Hogquist, and M.J. Bevan. 1995. Posi-
tive selection of thymocytes. Annu. Rev. Immunol. 13:93-
126.

Matechak, E.O., N. Killeen, S.M. Hedrick, and B.J. Fowlkes.
1996. MHC class I1-specific T cells can develop in the CD8
lineage when CD4 is absent. Immunity. 4:337-347.

Liu, C.-P., J.W. Kapler, and P. Marrack. 1996. Thymocytes
can become mature T cells without passing through the
CD4*CD8", double positive stage. J. Exp. Med. 184:1619-
1630.

I, L.Y. 1996. Day 11 mouse fetal thymus: phenotype and
search for the point of commitment. Differentiation. 61:53-65.
Suzuki, H., Y. Shinkai, L.G. Granger, F.W. Alt, P.E. Love,
and A. Singer. 1997. Commitment of immature CD4+CD8*
thymocytes to the CD4 lineage requires CD3 signaling but
does not require expression of clonotypic T cell receptor
(TCR) chains. J. Exp. Med. 186:17-23.

Malissen, B., and M. Malissen. 1996. Functions of TCR and
pre-TCR subunits: lessons from gene ablation. Curr. Opin.
Immunol. 8:383-393.

Groves, T., P. Smiley, M.P. Cooke, K. Forbush, R.M. Perl-
mutter, and C. Guidos. 1996. Fyn can partially substitute for
Lck in T lymphocyte development. Immunity. 5:417-428.
Tarakhovsky, A., W. Muller, and K. Rajewsky. 1994. Lym-
phocyte populations and immune responses in CD5-deficient
mice. Eur. J. Immunol. 24:1678-1684.

Dutz, J.P., CJ. Ong, J. Marth, and H. Teh. 1995. Distinct
differentiative stages of CD4*CD8" thymocyte development
defined by the lack of coreceptor binding in positive selec-
tion. J. Immunol. 154:2588-2599.

Robey, E., and B.J. Fowlkes. 1994. Selective events in T cell
development. Annu. Rev. Immunol. 12:675-705.



